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Generally, zinc stannate (ZnSnOs) is a fascinating ternary oxide compound, which has attracted significant
attention in the field of materials science due to its unique properties such high sensitivity, large specific
area, non-toxic nature, and good compatibility. Furthermore, in terms of both its structure and
properties, it is the most appealing category of nanoparticles. The chemical stability of ZnSnOs under
normal conditions contributes to its applicability in various fields. To date, its potential as a luminescent
and photovoltaic material and application in supercapacitors, batteries, solar cells, biosensors, gas
sensors, and catalysts have been extensively studied. Additionally, the efficient energy storage capacity of
ZnSnO3z makes it a promising candidate for the development of energy storage systems. This review
focuses on the notable progress in the structural features of ZnSnOs nanocomposites, including the
synthetic processes employed for the fabrication of various ZnSnOz nanocomposites, their intrinsic
characteristics, and their present-day uses. Specifically, we highlight the recent progress in ZnSnOs-
based nanomaterials, composites, and doped materials for their utilization in Li-ion batteries,
photocatalysis, gas sensors, and energy storage and conversion devices. The further exploration and
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1. Introduction

The creation and fabrication of materials at the nanoscale have
witnessed a significant breakthrough in the 21% century, revo-
lutionizing numerous industries, including photocatalysis,
energy storage and conversion systems, biosensors, and bio-
logical applications. Binary metal-oxides, such as TiO,, ZnO,
and SnO,, which are known for their favourable optical and
electrical properties, have been extensively investigated and
widely applied in various sectors, such as photovoltaic devices,"
thin-film displays,> electrochromic systems,* and gas sensing
technologies.* Nevertheless, the practical application of these
materials is impeded by their poor thermal and chemical
stability when exposed to different environments.

Accordingly, to overcome this limitation and improve their
characteristics, researchers are actively engaged in the develop-
ment of ternary oxides, such as ZnSnO; and In-Zn-0.>” Among
them, nanostructures of ZnSnOj; (various nano shapes, such as
wires, rods, rings, tubes, cubes, and spheres) have attracted
considerable interest owing to their advantageous chemical
sensitivity, wide energy bandgap, high transmittance percentage,
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contribute to the advancement of next-generation materials and devices.

electron mobility, low price, non-toxicityy, and earth
abundance.>®*** The performance of energy storage devices and
catalysis is greatly affected by the morphology, structure, and
physical characteristics of the active electrode materials.
Furthermore, LN-type ZnSnOj3;, which possesses a high sponta-
neous polarization (theoretical value P, = 59 uC cm™?), has been
experimentally observed in epitaxial thin films with a value of P,
~ 47 uC cm~2.* These films demonstrate superior photocatalytic
activity and exhibit piezoelectric properties.

ZnSnO; possesses remarkable morphological properties,
making it an attractive material with diverse energy and biological
applications. The synthesis and fabrication techniques employed
greatly influence the morphological characteristics of ZnSnOs;.
Various factors, such as the capping agent, surfactant, reaction
temperature, annealing temperature, concentration of metal
precursors, and reaction time, play a crucial role in the develop-
ment of different synthetic processes.”>"” Researchers have re-
ported the synthesis of well-organized ZnSnO; nanopowders,
composites, and films using a range of methods. These methods
include solid-state,'® sol-gel,">** ion-exchange,* high temperature
calcination,*? thermal evaporation,** magnetron
sputtering,**>® hydrothermal process,> laser ablation,* and
vapor deposition.** The different crystal structures of ZnSnOs;,
such as that with the Pm3m, R3, and R3¢ space groups, have been
extensively investigated. The perovskite structure (with the Pm3m

© 2023 The Author(s). Published by the Royal Society of Chemistry
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space group) of ZnSnO;, together with its face-centred cubic and
orthorhombic phases can be achieved through the calcination of
various ZnSn(OH), precursors. Recent studies have focused on
the advancements in ZnSnO; nanostructures for energy and bio-
logical applications. However, considering the limited literature
to date on this subject, the present review serves as a necessary
contribution to bridge the knowledge gap.

This review presents the latest progress in the field of
ZnSnO;-based nanomaterials, composites, and doped mate-
rials, focusing on their application in the key areas of energy
and biology. ZnSnOj;-based materials have attracted significant
interest due to their potential application in energy storage and
conversion technologies, such as lithium/sodium-ion batteries
and dye-sensitized solar cells. Additionally, they demonstrate
promising prospects as catalysts for the removal of dye/organic
pollutants and as gas sensors for various biological uses. This
review provides comprehensive insights into the advancements
and potential of ZnSnOjz-based materials in these specific
domains.

2. Crystal structure and physical
properties

ZnSnO; exhibits various types of crystal structures, including
perovskite, ilmenite, LiINbO;-type, CdSnO;-type, HgSnO;-type,
and post-perovskite with the Pm3m, R3, R3c, Pnma, R3c, and
Cmcm space groups, respectively, which are all feasible.

ZnSnO; with the Pm3m, R3, and R3¢ space groups has been
the subject of numerous study. The perovskite structure (with
Pm3m space group) of ZnSnO; includes face-centred cubic
(FCC) and orthorhombic phases, which is typically synthesized
by annealing different ZnSn(OH)s precursors. In terms of
surface energy, ZnSnO; crystals with an FCC structure generally
exhibit the order of (111) < (100) < (110). This demonstrates that
the normal surfaces of ZnSnOj; crystals tend to exhibit (111)
facets, while facets with higher surface energies such as {100} or
{110} may not appear during realistic thermodynamic growth
processes.*”

Zinc tin oxide/zinc stannate occur in two individual oxides
with distinct crystal structures and varying Zn/Sn ratios. These
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oxides are known as orthorhombic or perovskite ZnSnO; and
cubic spinel-type Zn,Sn0,.** Based on the available data,
Zn,Sn0O, demonstrates higher thermal stability compared to
ZnSnO;. Zn,SnO, possesses a cubic spinel arrangement, which
has been previously established as the most thermodynamically
stable form. Alternatively, ZnSnO; is formed under non-
equilibrium conditions, such as high pressure, suggesting its
thermodynamic metastability as a crystal phase. The formation
of metastable ZnSnO; requires high pressure and energy
conditions. The phase transition from metastannate to
orthostannate begins at approximately 500 °C, with an activa-
tion energy of around 0.965 eV. Subsequently, recrystallization
occurs, leading to the formation of the orthostannate phase
with an inverse spinel structure, which is typically observed at
around 750 °C. This investigation provides valuable insights
into the behaviour of perovskite ZnSnO; undergoing a phase
change to inverse spinel Zn,SnO, during calcination.*
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Fig.1 Schematic illustration of phase rearrangements during the hydrothermal process of zinc stannate nanostructures as a function of reaction

energy and synthesis time.>*

Previous studies have indicated that metastable ZnSnO;
structures tend to degrade at temperatures exceeding 500 °C.
However, Rovisco et al. demonstrated that breakdown can take
place at much lower temperatures (e.g., 220 °C for 24 h) or
longer reaction durations (e.g., 200 °C for 36 h) because of the
high energy involved in the hydrothermal technique.** This
underscores the benefits of utilizing hydrothermal techniques
to acquire metastable nanostructures composed of multiple
components, such as ZnSnOj, at reduced temperatures. It also
underscores the requirement of carefully managing and com-
prehending all aspects of fabrication to attain the targeted
structures successfully. The growth mechanisms of nano-
structures throughout the reaction period pose a significant
challenge in the synthesis of nanomaterials. Particularly, in the
case of fabricating ZnSnO; nanowire, the metastable nature of
this phase adds complexity to its complete comprehension.** By
increasing the reaction time and overall energy available, the
development of nanostructures and their corresponding phases
can be observed, which is primarily due to the meticulous
optimization of the physio-chemical parameters employed in
this study. Their primary objective was to generate ZnSnO;
nanowires, but the formation of Zn,SnO, nanostructures was
also observed, particularly under the conditions of very short
synthesis durations, lower temperatures, and smaller reaction
volumes. This observation implies that the formation of
Zn,SnO, requires comparatively less energy. The aforemen-
tioned procedure is illustrated in Fig. 1.

The LiNbO;-type configuration (R3c) is distinguished by the
substantial displacement of Zn atoms, which is caused by the
robust covalent bonds formed between Zn and three oxygen
atoms. This bonding configuration gives rise to piezoelectric,
ferroelectric, pyroelectric, and non-linear optical properties.
The crystal lattice of ZnSnO; in the LN-type arrangement, as
depicted in Fig. 2a, is comprised of interconnected octahedral
units. Interlocking occurs between the Zn octahedra, where
each octahedron shares its corners with another octahedron of

30800 | RSC Adv, 2023, 13, 30798-30837

the same type. Similarly, Sn octahedra exhibit corner sharing,
forming connections with other Sn octahedral structures. The
cation arrangement follows a pattern of Sn-Zn-vacancy-Sn-Zn-
vacancy-Sn, aligned along the z-axis. In ZnSnOj;, the bond
valence sums for Zn, Sn, and O were calculated to be 1.79, 4.08,
and 1.96, respectively. Notably, the Zn-O bond in ZnSnO; is
found to be under-bonded compared to the ideal values. The
Sn-O distances in ZnSnO; were observed to be 0.2005 nm (x3)
and 0.2094 nm (x3), deviating from the distances typically
observed in perovskite-type stannates, which feature SnOg
octahedra.*

Fig. 2b illustrates the presence of two octahedral structures,
where one is composed of ZnOg and the other SnOg. The SnOg
and ZnOg octahedra are connected to the neighbouring octa-
hedra through shared edges and faces. Fig. 2c illustrates
a single ZnOg and SnOg cluster. The Zn-O bonding lengths
consist of three long bonds (approximately 0.2308 nm) on the
upper side and three short bonds (approximately 0.2040 nm) on
the bottom side, which are labelled as la and Ib in the ZnOg
cluster, respectively. The Sn-O bonding lengths in the SnOg
cluster, labelled as lc and Id, consist of three short bonds
(approximately 0.2008 nm) on the upper side and three long
bonds (approximately 0.2093 nm) on the lower side. Fig. 2d
shows individual clusters of ZnOg and SnOg, highlighting the
variation in bonding length along the z-axis. In the ZnOg cluster,
the Zn ion exhibits a displacement (6,) of 0.5 A, while in the
SnOg cluster, the Sn ion has a displacement (8s,,) of 0.2 A. Along
the z-axis, the Zn ion experiences a larger displacement than the
Sn ion, resulting in the creation of spontaneous polarization,
which is the origin of piezoelectricity in this material.***

In ref. 38 and 39, density functional theory (DFT) and the
extended gradient estimation were employed to investigate the
structural, electrical, and optical properties of ZnSnO;. The
analysis of the electronic structures revealed that ZnSnO; is
a semiconductor characterized by a direct band gap of 1.0 eV.
The examination of the optical spectra revealed that inter-band

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Crystal structure of ZnSnOxs is visualized in a three-dimensional image, revealing the arrangement of atoms in an octahedral framework

[reprinted with permission from J. Am. Chem. Soc. 2008, 130, 21, 6704—-6705. Copyright 2008, the American Chemical Societyl. (b) Lower side of
the structure consists of ZnOg octahedra, while the upper side is formed by SnOg octahedra. (c) Separate and distinct clusters of ZnOg and SnOg.
(d) Displacement of Zn ions (dz,) and Sn ions (ds,,) from their equilibrium positions along the z-axis causes a variation in the bonding length
between oxygen (O) and Zn (O-Zn-0) or Sn (O-Sn—-0) atoms, respectively.*®

transitions occur in the ZnSnO; compound. These transitions
occur between the O 2p levels in the valence band (VB) and
either the Sn 5s level or the higher CB Zn 3d levels in the lower
energy level. Additionally, inter-band transitions were observed
between the O 2p levels and either the Sn 5p or Zn 4p conduc-
tion bands (CB) in the higher energy level. These transitions
contributed to the computed optical spectra.

Dielectric properties are also crucial properties for the
application of nanoparticles as dielectric materials.***> ZnSnO;
materials display excellent electromagnetic wave attenuation
characteristics and a wide frequency range, making them suit-
able for various applications such as ground-penetrating radar
systems, microwave absorbers, communication systems, and
energy storage devices.**™* To obtain the real (¢;) and imaginary
(e2) part of the dielectric constant, the Kramers-Kronig equation
was utilized.*® Given that ZnSnO; possesses a hexagonal shape,
the evaluation was focused on incoming light polarized along
the [1 0 0] and [0 0 1] crystallographic axes. They observed that
there was no significant anisotropy in both the real and imag-
inary parts of the equation. The peaks in ¢, were associated with
electron excitation. Furthermore, the computed static dielectric

© 2023 The Author(s). Published by the Royal Society of Chemistry

constant, & (0), of ZnSnOj; along the [1 0 0] and [0 0 1] directions
was determined to be 4.05 and 3.96 eV, respectively.* These
results are significantly lower than that of BaTiO; (5.12) and
PbZrO; (5.34), indicating the distinct dielectric behaviour of
ZnSnO; compared to these materials.”

ZnSnO; also exhibits superior ferroelectric properties. Shin
et al. conducted research on the ferroelectric characteristics of
ZnSn0;.* They examined the hysteresis loop of a Pt/ZnSnO;/
SrRuO; capacitor at a measurement frequency of 10 kHz to
investigate its ferroelectric properties. This exhibited a coercive
electric field of 130 kV em ™" and improved remnant polariza-
tion of 47 C ecm™> (2P, of 94 C cm ?). The epitaxial ZnSnO;
demonstrated a saturation polarization of 58 C cm ™2, which was
marginally higher than the residual polarization. This obser-
vation suggests the presence of a well-formed crystalline struc-
ture in the material. To gain a deeper understanding, they
investigated the hysteresis loops across a range of frequencies.
This analysis aimed to examine the behaviour of the capacitor at
various frequency regimes. As depicted in Fig. 3a, the coercivity
increased gradually as the measurement frequency increased.
Additionally, a square pulse with a voltage of 5 V was employed

RSC Adv, 2023, 13, 30798-30837 | 30801
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Fig.3 (a) Hysteresis loops of the Pt/ZnSnO=/SrRuOs capacitor observe
5 V. The fast-switching behaviour is within 100 ns.*°

to evaluate the switching current. The switching behaviour was
found to be rapid, with a fast-switching time of 100 ns, as shown
in Fig. 3b. This indicates that the capacitor can transition
between states efficiently and quickly.

To model the interactions between ions and electrons,
projector expanded wave potentials were employed, consid-
ering the effects of both ions and electrons.*® The exchange
and correlation energies of the electrons were calculated
using a local density approximation, providing insights into
their behaviour in the system. The estimated lattice constants
were @ = 5.24 A and ¢ = 13.88 A per formula unit cell, with
a cell volume of 54.92 A. Fig. 4 presents the measurements of
the deviations of Zn and Sn ions from the oxygen octahedral
core. The data revealed that the rearrangement of the A cation
(Zn) was 0.55 A, which exceeds the rearrangement of the B
cation (Sn) at 0.21 A. This disparity can be attributed to the
larger available space in the A site, facilitating greater move-
ment for the Zn atom. The difference in rearrangement arises
from the fact that Zn, which has a covalent radius of 1.31 4, is
smaller in size compared to Sn, with a covalent radius of 1.41
A.* Employing the Berry phase technique, a polarization
value of 60 C cm™ > was determined along the pseudo cubic!®
direction. This value closely matches both their experimental
findings and the results obtained from analytical measure-
ments based on the ionic rearrangements and atomic
valences.

The preferred ground-state structure of ZnSnO; was found to
be the LN-type (LiNbOs;-type) phase, given that it exhibits
a lower total energy compared to the IL-type (ilmenite-type)
structure. The energy difference between the LN and IL pha-
ses is merely 0.09 eV per unit of formula, indicating the
potential occurrence of a structural shift from the LN to the IL
when exposed to high pressure or temperature. However,
investigations by Gao et al. revealed that the total energy-
volume curves of the LN and IL phases do not cross when

30802 | RSC Adv, 2023, 13, 30798-30837
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subjected to compression, indicating that the structural tran-
sition is unlikely to occur under high pressure.*

Fig. 5a illustrates the calculated E-V curves for different
structures. When T = 0 K, the LN structure exhibits the lowest
total energy among the feasible structures. Alternatively, the
cubic perovskite structure has a considerably higher total
energy, with a difference of up to 3.76 eV per formula unit
compared to the LN-type structure. This substantial energy
variation implies that the formation of the cubic perovskite
phase of ZnSnO; is challenging to achieve under normal
conditions. Additionally, the combined energy of the CdSnO;-
type phase crosses paths with both the IL and LN phases,
indicating the possibility of structural changes in severe
settings.*">?

Moreover, Fig. 5b illustrates the evaluation of the total
energy variation in ZnXO; compounds (where, X = Si, Ge, Sn,
and Pb) between the IL and LN structures. The results indicate
a monotonic decrease in the total energy difference moving
from Si (0.60 eV) to Ge (0.37 eV) to Sn (0.09 eV) phases,
proposing that the IL phase is strenuously more favourable than
the LN phase for these elements. However, for the Pb-
containing phase, the LN phase is more energetically favour-
able than the IL phase. In the range where the zero-point energy
(ZPE) correction becomes significant for assessing the relative
structural stability, the overall energy gap between ZnSnOj; in
ionic liquid (IL) and layered perovskite (LN) forms is compara-
tively insignificant. The ZPE calculated from the partial density
of states (PDOS) was found to be 0.23 eV per unit for the IL-type
structure and 0.31 eV per unit for the LN structure. When
accounting for ZPE, the overall energy gap between the IL and
LN structures is approximately 0.005 eV per unit. This implies
that there is a possibility for these two phases to exist together
under normal environmental conditions.>**>%

The lattice parameters of a semiconductor are typically
affected by multiple parameters, as follows:***° (i) the concen-
tration of free electrons, which affects the deformation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lonic rearrangements of Zn and Sn in the R3c phase of ZnSnO3.4°

potential of the conduction-band minimum occupied by these
electrons, (ii) the concentration of foreign atoms and defects
and their difference in ionic radius compared to the host matrix
ion, (iii) external strains caused by factors such as substrate-
induced stress, and (iv) temperature. To accurately determine
the lattice parameters of a crystalline material, high-resolution
X-ray diffraction (HRXRD) is commonly employed. The bond
method is utilized with a combination of symmetrical and
asymmetrical reflections to measure and analyse the lattice
parameters.®®* In the case of ZnSnOj;, the calculated lattice
parameters are provided in Table 1.

In ref. 50, the formation enthalpy [AH = Ew(ZnSn0;) —
{Etotal(ZNO) + Eyora1(SNO,)}] was estimated to gain insights into the
impact of different synthesis pathways in experiments. The
calculated formation enthalpies for all the proposed ZnSnO;
phases are positive, as shown in Table 1. This indicates that
ZnSnO; is not energetically favourable and cannot be produced
through solid-state fabrication pathways such as combining ZnO
and SnO, under normal environmental conditions. However,
experimental evidence suggests that these polymorphs have the
potential to remain stable when subjected to extreme conditions,
such as elevated pressure and temperature. To comprehend the
structural transition of ZnSnOj;, the enthalpy variation between
heterogeneous component oxides such as (ZnO + SnO,),
((ZnySnO, + Sn0,)/2), IL- and LN-type phases was also estimated.

© 2023 The Author(s). Published by the Royal Society of Chemistry

This analysis is depicted in Fig. 5¢ and d). Below 5.9 GPa, the
heterogeneous component oxides (h-ZnO + SnO,) are more
favourable than the various potential phases. In the range of 5.9
to 7.1 GPa, the heterogeneous component oxides of Zn,SnO, +
SnO, become increasingly favourable, aligning with experimental
results at intermediate pressure levels. At low temperatures and
>7.1 GPa, the LN-type ZnSnO; phase is more favourable than its
constituent phases, which is consistent with experimental data,
suggesting the formation of LN-type ZnSnOj; at 7 GPa. At a pres-
sure of 34.5 GPa, the LN-type phase undergoes a transition to the
orthorhombic CdSnO;-type phase, which is significantly higher
than the transition pressures observed for ZnGeOj; (15.6 GPa) and
MgGeO; (17.9 GPa).>157%

Elastic constants are significant parameters that provide
insight into the crystallite structure and bonding strength
among atoms. In hexagonal structures such as ZnSnO;, the
elastic parameters exhibit positive values and adhere to the
stability requirement outlined by Born-Huang, suggesting the
elastic stability of both the LN and IL phases. Table 2 presents
the elastic constants for various space groups.

The structural properties of ZnSnO; can be understood
based on density functional theory (DFT) calculations. The
ZnSnO; supercells used in the study consist of 60 atoms
(Zn1,Sn,,036). The VB of ZnSnO; primarily consists of Zn
3d"°4s” states, Sn 5s>5p” states, and O 2s’p” states. Fig. 6a and

RSC Adv, 2023, 13, 30798-30837 | 30803
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Fig. 5
Enthalpy variation in LN-type and CdSnOs-type phases.®

(a) E-V curve for six feasible phases. (b) Energy variation in ZnXOs. (c) Enthalpy variation among heterogenous component oxides. (d)

Table 1 Previously reported lattice constants, total energy (AE), and heat of formation (AH) of ZnSnOs for various space groups

Lattice constants

Space group a () b (A) c(A) AE (ev/f.u.) AH; (ev/f.u.) Ref.

R3¢ 5.387(5.262) 14.344(14.003) — 0 0.15 35 and 50
R3 5.419(5.284) 14.384(14.091) — 0.09 0.23

Pm3m 4.086 — — 3.76 3.90

R3¢ 3.429 14.387 — 0.11 0.25

Pnma 5.422 7.994 5.428 0.22 0.36

Cmcm 3.082 9.934 7.653 0.85 1.00

b illustrate the supercells and the determined density of states
(DOS) and partial density of states (PDOS) of ZnSnO;.*

The energy band at [—18.4, —15.3] eV in the VB is largely
filled by O 2s states interspersed with few Sn 4d levels. The
energy range of approximately [—8.1, —5.5] eV displays bands
that can be attributed to the presence of Sn 5s states, together
with a combination of O 2p and Zn 3d states. On the other hand,
within the range of [—5.5, —3.4] eV, the dominating factor is the
Zn 3d states, accompanied by O 2p states and a small

30804 | RSC Adv, 2023, 13, 30798-30837

contribution from Sn 5p states. At the upper end of the valence
band ([3.4, 0] eV), the O 2p state takes precedence and domi-
nates. However, it is accompanied by a mixture of Zn 3d and
minor presence of Sn 4d states, suggesting substantial hybrid-
ization between these states. The Sn 5s and Zn 4s states domi-
nate the CB area of [1, 5.5] eV, but Sn 5p dominates the Zn 4p
state when the energy is more than 5.5 eV. For energies less than
5.5 €V, the Zn PDOS is minimal, and thus negligible. Conse-
quently, the Sn 5s and O 2p states should control the electrical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Elastic constants of ZnSnOs for various space groups
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Space group Ci1 Ciz Ci3 Cia Cis Cy, Cos Cs3 Cus Ref.
R3c 310.4 137.1 100.8 1.4 — — — 175.3 77.3 66
R3 268.8 132.8 78.8 14.7 14.3 —_ —_ 185.9 2.6
Pm3m 284.4 74.1 — — — — — — 33.8
Pnma 290.8 103.8 116.7 — — 247.9 100.4 273.3 74.7
Cmcem 316.9 51.8 47.8 — — 210.4 77.5 223.9 239.5
( ) s The total DOS !
10k I
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Fig. 6 (a) DOS and PDOS for ZnSnOs. (b) Supercells of Zn;,Sn;,036.°

characteristics of ZnSnO;. Both the top of the VB and the
bottom of the CB are located at the I'-point. Consequently,
a direct band gap of 1.0 eV is generated, showing that ZnSnO; is
a semiconductor. Due to the absence of an experimental band
gap result for comparison, it is important to note that DFT often

underemphasizes the energy gap of semiconductor solids.®”**

3. Synthesis technique/routes

Over the past few decades, several synthetic techniques have
been employed to synthesize micro/nanostructures of ZnSnO;.
However, to achieve the controlled synthesis of these structures
and expand their practical applications, it is crucial to
comprehensively summarize the emerging growth mechanisms
and develop new techniques. The two primary methods used for
the synthesis of nanostructures are solution-based and vapor
phase approaches. The size, crystal phase, and crystallinity of
the synthesized materials significantly impact their band-gap
energies and the separation of charge carriers in semi-
conductor oxides. Therefore, the quality of the synthetic
conditions plays a key function in determining the efficiency of

© 2023 The Author(s). Published by the Royal Society of Chemistry

semiconductor oxides. Comparing with various synthesis
routes, the solution-based procedure emerges as a simple and
low energy-consuming technique for the production of ZnSnO,
nanomaterials. By modifying the experimental factors such as
solvent, precursor ingredients, and reaction environments,
precise control of the nanostructure morphologies can be ach-
ieved. This straightforward technique also enables greater
control of the particle size of nanostructures. The solution-
based methods employed for the synthesis of ZnSnO; nano-
structures include hydrothermal,®** sol-gel,'**® precipitation,”
electrochemical-deposition,* solvothermal,” microwave,”” wet
chemical, and electrospinning method.”” Among the different
methods available, the simple sol-gel process is particularly
appealing for the synthesis of ZnSnO; nanocomposites. This
method offers several advantages, including low cost, reliability,
good repeatability, and the ability to easily control the physical
properties and morphologies.*

The activity of ZnSnO; can be enhanced through the precise
control of various factors, including band gap, size,
morphology, crystal structure, surface area, stability, reus-
ability, and preparation of composite materials. Among them,

RSC Adv, 2023, 13, 30798-30837 | 30805
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the crystal structure and specific surface area play a crucial role
in improving the performance of ZnSnO;. A significant
parameter for achieving superior results is a large surface area,
which is closely interconnected with the structure and mean
particle size of the material. In the study by Yu et al, they
synthesized homogeneous ZnSnO; nanocubes using a low-
temperature solution route.” They observed that decreasing
the reaction temperature from 80 °C to 0 °C led to a decrease in
the particle size of the fabricated ZnSnO; nanocubes from
600 nm to 40 nm, while the surface area increased from 36.4 to
109.5 m* g~ '. The reduction in particle size resulted in an
increase in the overall surface area of the material. A larger
surface area provides more reactive sites, leading to higher
surface reactivity, greater surface-to-volume ratios, and
increased availability of surface-active sites.

Moreover, vapor phase techniques have also been used for
the synthesis of nanostructured materials. These techniques
include laser ablation,” vapour-liquid-solid,*” thermal evapo-
ration,” molecular beam epitaxy (MBE),”” metal-organic
chemical vapour deposition” and magnetron sputtering.” The
choice of the method for the synthesis of ZnSnO; primarily
relies on the desired dimensions of the nanostructures. The
impact of various fabrication techniques and starting materials

View Article Online
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on the morphologies of ZnSnO; is presented in Table 3.
Furthermore, in the application domain, the influence of the
morphology of ZnSnO; on is efficiency has also been
investigated.

3.1. Hydrothermal technique

Hydrothermal synthesis is a widely employed technique for
the preparation of ZnSnO;, utilizing a solution-based reaction
approach. This method involves placing starting material
dispersion in a sealed stainless-steel Teflon-lined autoclave.
Subsequently, the autoclave is subjected to heating in an oven
under precise temperature, duration, and autogenous pres-
sure settings. The temperature typically ranges from 140 °C to
200 °C for the hydrothermal synthesis of zinc stannate.® The
hydrothermal synthesis of ZnSnO; nanoparticles involves the
use of different mineralizers such as ammonium hydroxide,
sodium hydroxide, hexadecyl trimethyl ammonium bromide,
various amines, and sodium carbonate. This leads to the
creation of nanocrystals with different shapes (cubic, spher-
ical, and rod like). Careful control of the chemical properties
of the mineralizer is essential given that it influences the
surface charges of the resulting metal oxides, which is critical

Table 3 ZnSnOs micro/nanostructure synthesis processes and morphologies

Material Morphologies Precursors Method Ref.
ZnSnO; Polyhedral Zn(Ac),-2H,0, CTAB/SDBS Solution-based 32
ZnSnO; Nanocubes SnCl,-5H,0/Zn(Ac), - 2H,0 HNO; etching 92
ZnSnO; Nanocubes SnCl,-5H,0/ZnS0O, Solution-based 74
ZnSnO; Hollow-cubes Zn(NOs3),/SnCly HCI etching 131
ZnSnO; Hollow-cages SnCl,/Zn(Ac),-2H,0 Solution-based 132
ZnSnO; Hollow-cubes SnCl,-5H,0/ZnCl, Solution-based 125
ZnSnO; Hollow-cages SnCl,-5H,0/Zn(Ac), - 2H,0 Solution-based 127
ZnSnO; Face-centred trigonal Na,Sn0;-3H,0/Zn(NO;), - 6H,0 Sol-gel 99
ZnSnO; Polycrystalline ilmenite-type  Zn(Ac),-2H,0/SnCl,-5H,0/ethylene glycol Sol-gel 100
ZnSnO; Nanostructures ZnCl,/SnCl,/Tepa/trimesic acid Sol-gel 103
ZnSnO; Hollow cubes SnCl,/ZnCl, NaOH etching 133 and 134
ZnSnO; Nanoplates Zn(Ac),-2H,0, SnCl,-5H,0, ethanol, MEA Sol-gel 135
ZnSnO; Hierarchical nanocages SnCl, - 5H,0/Zn(Ac),-2H,0/NaOH, (CH,)sN, Hydrothermal 128
ZnSnO; Hollow microspheres SnCl,-5H,0/Zn(Ac), - 2H,0/NaOH, CTAB Hydrothermal 126
ZnSnO; Nanocages SnCl, - 5H,0/Zn(Ac), - 2H,0/NaOH, (CH,)sN, Hydrothermal 136
ZnSnO; Nanocubes Zn(Ac),-2H,0/SnCl, - 5H,0, NaOH Hydrothermal 137
ZnSnO; Nanowires ZnCl,/SnCl, - 5H,0/PEG (200) Hydrothermal 138
ZnSnO; Nanowires Zn(Ac),-2H,0/SnCl,-5H,0/NaOH, PEG (4 K) Single-step hydrothermal 91
ZnSnO; Nanowires Zn0O/SnCl,-5H,0/PEG (10 K) Hydrothermal 139
ZnSnO; Nanocubes SnK,0;-3H,0/ZnC,H¢0,-2H,0/urea MA hydrothermal 72
ZnSnO; Nanocubes ZnS0O,-7H,0/Na,Sn0;-3H,0 Ionic substitution 140
ZnSnO3 Nanobelts/microbelts Zn and Sn powder/graphite powder Vapour-liquid-solid 36
ZnSnO; Triangular-belts Zn and Sn/graphite powder Vapour-liquid-solid 37
ZnSnO; Nanosheets Na,Sn0;-3H,0/Zn(Ac), - 2H,0/ethylene glycol Solvothermal 71
ZnSnO; Hollow cubes ZnCl,, SnCl,-5H,0/sodium citrate/NaOH Coprecipitation 116
ZnSnO; Solid/hollow microspheres Zn(NO3),-6H,0/SnCl, - 5H,O/NaOH Precipitation 70
ZnSnO; Nano-urchins Zinc plate/ZnO,(OH),/NH; Laser ablation 75
ZnSnO; Amorphous Zn0O/Sn0, Magnetron sputtering 79, 141 and 142
Ag-ZnSnO;  Hollow cubes ZnCl,/SnCl, - 5H,0/sodium citrate/Zn(NOj3), - 6H,O Coprecipitation 143
CDs-ZnSnO; Nanocubes SnCl,-5H,0/ZnS0O, - 7H,0/CDs powder Precipitation-calcination 144
ZnSn0O;/rGO  Nanocubes ZnS0O,-7H,0/SnCl, - 5H,0/PDDA/GO Coprecipitation 145 and 146
S-ZnSnO; Hollow cubes Zn(NO3),-6H,0, Na,Sn0;-4H,0, C;HgN,, CH;CSNH, Ion-exchange 147
ZnSn0;/rGO  Nanosheets Zn(NO3),-6H,0/SnCl,-2H,0/GO Thermal decomposition 76
ZnSnO;/C Nanofibers SnCl,-2H,0/ZnCl,/DMF/PVP Electrospinning 73

30806 | RSC Adv, 2023, 13, 30798-30837
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for the formation of nanoparticles in the hydrothermal
synthesis process.®'"#*

In hydrothermal fabrication of ZnSnOj;, the compositions of
synthesized nanomaterials can be precisely controlled through
liquid-phase or multiphase chemical reactions. An advantage of
the hydrothermal method is its capability to generate crystalline
phases that are not stable at higher temperatures.***

The hydrothermal method is commonly used for the
synthesis of ZnSnO; with orthorhombic (orth) and face-centred
cubic (fcc) phases. In a typical synthesis procedure, both
discrete orth and fcc ZnSnO; phases are simultaneously fabri-
cated in a single solution through hydrothermal treatment. This
is achieved by treating a solution having a small amount of ZnO-
covered foil, urea, and potassium stannate trihydrate under
hydrothermal conditions.®® According to their study, the
synthesis process starts by hydrothermally treating a solution of
pure zinc-foil and C,oH;,Na0,S, OT, and 1.50 g L' to obtain
the ZnO precursor. Subsequently, the obtained ZnO-foil is again
hydrothermally treated in an alcohol-water solution containing
urea (CO(NH,),) and potassium stannate trihydrate (K,SnOs;-
3H,0). Subsequently, the resulting microspheres are dried in
air at 60 °C for 6 h. Consequently, pure orth-ZnSnO; solid
microspheres are formed in the solution, as illustrated in Fig. 7.
Additionally, pure fcc-ZnSnO; hollow microspheres are
observed on the ZnO-induced template, as illustrated in Fig. 8.*°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD pattern, (b) SEM image, (c) TEM image, and (d) HRTEM image of ZnSnOs3 solid microspheres.®®

The following is a description of the process for the formation of
the two products:

CO(NHz)z + Hzo - NH4+ + OH™ + C02
K5SnO3 + ZnO(1) + 20H™ — orth-ZnSnO; + 2KOH + H,0O

K5SnO3; + ZnO(s) + 20H™ — fce-ZnSnO5; + 2KOH + H,0

To achieve controlled morphologies of the synthesized
materials, different surfactants and polymers such as poly-
ethylene glycol (PEG) can be introduced. Numerous studies
have been published on the hydrothermal fabrication of
nanoparticles, nanorods, nanotubes, nanowires, and hollow
spheres. The presence of PEG in the hydrothermal reaction has
been observed to facilitate the formation of nanowire
morphologies.

In ref. 91, ZnSnO; nanowire arrays were synthesized using
a single-step hydrothermal method. In their study, Zn(Ac),-
2H,0, SnCl,-5H,0, and polyethylene glycol (PEG) were used as
the precursors. PEG, acting as a complex agent, reacted with
Zn(CH3CO,),-2H,0 and SnCl;-5H,0 to form a soluble
ZnSn(OH),(PEG)s_, complex. The presence of PEG was crucial
for obtaining the desired morphologies of ZnSnO; nanowires.
The molar ratio of Zn(CH;CO,),-2H,0 to SnCl,-5H,0 to PEG

RSC Adv, 2023, 13, 30798-30837 | 30807
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(4000) was approximately 1:1:1, and the reaction was per-
formed at a temperature of 200 °C for a duration of 12 h.

Hu and colleagues developed a straightforward chemical
solution technique to achieve the large-scale production of well-
defined faceted cubic ZnSnO; and octahedral Zn,SnO, micro-
crystals.”” They employed an acid-etching technique, which
allowed the originally synthesized zinc stannate faceted
microcrystals to undergo a transformation into hollow struc-
tures, while preserving their original shape. The synthesis
process involved using specific starting materials, namely, tin
tetrachloride (SnCly-5H,0), zinc acetate (ZnAc,-2H,0), and
NaOH, which were diluted in distilled water to create a clear
solution. In a typical procedure, a 0.02 M ZnAc, solution was
added to a 0.02 M SnCl, solution at RT and vigorously agitated
for 10 min to form a mixed solution for the synthesis of cubic
ZnSnO; microcrystals. Subsequently, this mixture was
combined with a 0.2 M NaOH solution (15 mL) and continu-
ously stirred for an additional 10 min. The proportion of Zn**:
Sn**:Na" was kept at a molar ratio of 1:1:10. Subsequently,
a hydrothermal procedure was conducted at 130 °C for 6 h
inside a reactor with a 60 mL capacity. After the reaction, the
resulting white materials were washed multiple times with
ethanol and distilled water.

30808 | RSC Adv, 2023, 13, 30798-30837

(a) XRD pattern, (b) SEM image, (c) TEM image, and (d) HRTEM image of ZnSnOs hollow microspheres.®®

The reactions that lead to the creation of ZnSnO; can be
summarized as follows:*>

Zn** + Sn*" + 60H™ — ZnSn(OH),
ZnSn(OH)g — ZnSnO; + 3H,0

ZnAc, + SnCly + 6NaOH = ZnSnO; + 4NaCl + 2NaAc + 3H,0

Under hydrothermal conditions, the creation, and then
breaking of the weak-phase ZnSn(OH), results in the nucleation
and development of ZnSnO; nanoparticles, involving the
aforementioned chemical processes (step 1). More ZnSnO;
nanocrystallites are generated after adding more reactants to
the reaction mixture, which are further combined and bound
into comparatively augmented nanocrystallites. Noticeably, the
obtained ZnSnO; undergoes a dissolution-recrystallisation
process to reduce the high-energy surfaces. Next, the particles
combine to form larger aggregates, adhering to the principles of
Ostwald ripening (step 2). By extending the reaction duration,
the crystals undergo morphological changes and acquire
a cubic shape with dimensions measuring several microns. The
cubic crystals exhibit 100 lattice planes on their basal surfaces,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Possible mechanism for the growth of ZnSnO3 cubic microcrystals.®?

achieved by adjusting the growth conditions to promote the
desired crystal facet (step 3). Lastly, the nanocrystals present in
the reaction system adhere to the surfaces of the ZnSnO; cubic
crystals, resulting in the production of huge cubes.” Fig. 9
schematically depicts the growth process.

Exercising meticulous control over the chemical character-
istics of the mineralizer is crucial, given that it determines the
specific surface charges present on the resulting metal oxides.
These surface charges serve as a critical factor in the overall
process, significantly influencing and facilitating the creation of
nanoparticles during the hydrothermal synthesis procedure.
Generally, the careful management of the properties of the
mineralizer directly impacts the outcome of nanoparticle
formation, underscoring its pivotal role in this intricate process.
However, the reliability and reproducibility of the process are
limited, the necessary equipment is expensive, a longer reaction
time is required, and it consumes plenty energy.

3.2. Solvothermal

The solvothermal procedure is similar to the hydrothermal
method, excepted for the use of organic solvents instead of

H28n03

O

Self-assembly ‘ '
~— '

water. In the case of alcohols and glycerol as the reaction
medium, the reactions are referred to as alcohothermal and
gyrothermal, respectively. For the synthesis of NCs with good
crystalline characteristics, these synthetic techniques are
crucial.”®

Wang and colleagues used the solvothermal route to achieve
a phase transformation from 3D fcc ZnSnO; nanosheets to 2D
orth ZnSnO; nanosheets. In the conventional route, a white
suspension of ZnSn(OH)e products was promptly formed by
combining a solution of Na,Sn0O;-3H,0 and Zn(Ac),-H,O in
a mixture of ethylene glycol-deionized water. Subsequently, the
ZnSn(OH)e was moved to a stainless-steel Teflon-lined autoclave
and kept at 180 °C for 12 h. Next, the obtain powder was
annealed at 500 °C for 4 h at a rate of 2.8 °C min . Finally, two-
dimensional ZnSnO; nanosheets were created.”™

With the shift from 3D nanocubes to 2D ZnSnO; nanosheets,
a straightforward solvothermal pathway was investigated in ref.
94. To form aqueous solutions, Na,SnO;-3H,0 and Zn(Ac),-
-:3H,0 were mixed in ethanol-water solution in the usual
manner. Subsequently, the Na,SnO; solution was added slowly
to the Zn(CH;COO), solution with stirring, resulting in the

Hydrothermally .i.

Dlssoluhon

Aggregatlon

F
=g

Fig. 10 Diagram depicting the probable process for the formation of the precursor ZnSn(OH)g.%*
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formation of a white ZnSn(OH)s suspension. Then, the
suspension was transferred to a Teflon-lined autoclave and kept
at 180 °C for 12 h. The resulting ZnSn(OH)s was washed and
annealed at 600 °C for 3 h. Firstly, the reaction happened due to
the hydrolysis of the SnO;>~ ions, resulting in the creation of
blend H,SnO;. Later, the Zn>" ions undergo a reaction with OH
ions, resulting in the formation of the Zn(OH),>~ phase. This
reaction occurs due to the hydrolysis of both CH;COO and Zn>*
ions, as follows:**

Sn;>~ + 2H,0 < H,SnO; + 20H™
CH;COO~ + H,0 « CH;COOH + OH™
Zn*" + 4H,0 < Zn(OH),*~ + 4H"

H,SnO; + Zn(OH),>~ + 2H" — ZnSn(OH)s| + H,O

Under hydrothermal conditions, the metastate ZnSn(OH)g
nanocubes will undergo decomposition and subsequent
recrystallization as the temperature and pressure increases.
This process follows the breaking-recrystallization pathway,
resulting in the formation of a stable nanostructure. Fig. 10
depicts the hypothetical growth process graphically.

3.3. Sol-gel technique

The sol-gel method is a chemical process that creates oxide-
based materials from hydrolysable precursors through hydro-
lysis and condensation reactions. These precursors contain
weaker ligands than water, such as halides, nitrates, sulfates,

View Article Online

Review

alkoxides, and carboxylates. The hydrolysed precursors form
small colloidal nanoparticles in a liquid sol, which can undergo
further polycondensation to create a network of polymeric
oxide-based materials with oxo-bridges. The initial gels formed
through this method consist of both a gel network and
a significant liquid phase. Drying these gels, whether at room
temperature or through heating, removes the solvent phase and
produces dense materials.”**®

Due to its simplicity, cost-effectiveness, and capability to
produce large-area films, the sol-gel method is widely regarded
as an excellent technique for the preparation of ZnSnOj;. As
demonstrated in ref. 99, the face-centred trigonal perovskite
structure of ZnSnO; was synthesized using a sol gel. They used
Na,Sn0;-3H,0 (0.01 mol) and Zn(NO3),-6H,0 (0.01 mol) as the
precursors and deionized water (100 mL) as the solvent. Finally,
the white ZnSnO; nanoparticles were dried at 70 °C in an oven
for 12 h.

The authors of ref. 100 fabricated polycrystalline IL-type
ZnSnO; via the sol-gel process at atmospheric pressure
utilizing Zn(CH3;COO),-2H,0, SnCl,-5H,0, and ethylene
glycol as the precursors. To determine the impact of sintering
on the ZnSnOj; structure, the resulting product was sintered at
450 °C, 550 °C, and 650 °C. Upon sintering below 500 °C, they
observed that the phase formation is incomplete with the
significant presence of ZnO and SnO, as secondary phases. In
contrast, sintering at 650 °C led to the creation of pure-phase
ZnSn0O;.

Li et al. synthesized Zn-Sn-O thin-films and investigated the
impact of sintering (300-1000 °C) on their microstructure,
morphological, and optical characteristics.*” Spinel Zn,SnO,
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Fig. 11 SEM micrograph of ZnSnOs obtained using: (a) SDBS 0.15 M, (b) SDBS 0.4 M, and (c) SDBS 0.75 M. (d) XRD pattern of (A) 14-faceted

polyhedra, (B) truncated octahedra and (C) octahedra.1®?
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was formed in the temperature range of 400-700 °C, while
perovskite ZnSnO; emerged at 800 ©C. Alternatively, the
formation of Zn,SiO, only occurred at temperatures exceeding
1000 °C. Furthermore, the grain size decreased as the temper-
ature increased from 400 °C to 800 °C. The proposed explana-
tion is that the Zn,SnO, grain grows via the surface diffusion
pathway, and SnO, is dispersed on the surface of Zn,SnO,,
inhibiting grain formation. Furthermore, when the temperature
exceeds 800 °C, the lattice properties clearly decrease. The
formation of ZnSnO; is responsible for this phenomenon, as
follows:

Sn?* + 0.50, — Sn** + 0%~

Zn,Sn0O4 + SnO, — 2ZnSn0O;

Authors of ref. 101 synthesized porous ZnSnOz; nanocubes
via the conventional solution-based process together with
a calcination process. When annealed at 500 °C, ZnSn(OH), lost
three water molecules to form amorphous ZnSnO;, which
decomposed into amorphous Zn,SnO, and crystalline SnO, at

$4800 3.0kV.8.7mm x25.0k
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600 °C. The amorphous Zn,SnO, became crystalline Zn,SnO,
when the annealing temperature increased to 700 °C. The
proposed conversion of ZnSn(OH), into different morphologies
is as follows:

ZnSn(OH), —>**“ZnSn0; (amorphous) + 3H,0
—50°C Zn,Sn0y4 (amorphous)

+ SnO, (crystalline)—"""Zn,SnO, (crystalline)

As demonstrated in ref. 103, ZnSnO; nanostructures were
prepared via the sol-gel method using tepa as the gelling
medium and trimeric acid hydrolysis medium, which
increased the hydrolysis rate and led to initially smaller
nucleation, controlling the final particle size. Here, 0.8 mmol
ZnCl, and 0.8 mmol SnCl, were dispersed in 10 mL DI indi-
vidually, and then mixed with the gelling agent and hydrolysis
agent at 80 °C. Subsequently, the fabricated ZnSnO; was
calcined at 700 °C for 2 h. A straightforward and cost-effective
method was employed by Geng et al. for the successful
synthesis of polyhedral ZnSnO; with a variety of morphologies
without further heat treatment.*> They showed the
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Fig. 12 Typical SEM images of the as-prepared ZnSnOs products: (a) CTAB 0.15 M, (b) CTAB 0.4 M, and (c) CTAB 0.75 M. (d) Corresponding XRD
patterns of the as-prepared ZnSnOs polyhedra, (A) octahedra, (B) truncated octahedra and (C) 14-faceted polyhedra.t°?
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morphology conversion between octahedra and 14-faceted
ZnSnO; using surfactant. In the conventional synthesis, they
used tin tetrachloride and Zn(Ac), as the starting precursors.
Different surfactants in varying concentrations and NaOH
were used to control the polyhedral shape. In a beaker, the
combined sol was treated at 85 °C with stirring. Finally,
centrifugation was used to collect the white polyhedral ZnSnO;
products. When an anionic surfactant (SDBS) was employed,
the synthesis of ZnSnO; yielded different polyhedral shapes
depending on the concentration of SDBS such as (1) at 0.25 M,
14-faceted polyhedra were synthesized, (2) at a moderate range
of 0.3 to 0.5 M, truncated octahedra were formed, and (3) at 0.5
to 1.0 M, typical octahedra were synthesized. These observa-
tions demonstrate how the SDBS concentration influences the
morphology of the resulting ZnSnO; particles. Fig. 11 depicts
this shape-evolution pattern. Again, at varying concentrations
of the cationic CTAB surfactant, the synthesis of ZnSnOj;
yielded different polyhedral shapes such as (1) at 0.2 M,
regular octahedra were created, (2) at an intermediate CTAB
range of 0.3 to 0.5 M, truncated octahedra were formed, and (3)
at 0.5 to 1.0 M, the resulting products exhibited regular 14-
faceted polyhedra. These findings demonstrate the influence
of CTAB concentration on the morphology of the synthesized
ZnSnO; particles. This shape-evolution form is depicted in
Fig. 12.

When the concentration of the anionic SDBS surfactant
increased, the R value also increased. Consequently, the shape
of the ZnSnO; crystals changed from 14-faceted polyhedra to
truncated octahedra, and eventually to regular octahedra. In

SDBS
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contrast, when the concentration of the cationic CTAB surfac-
tant increased, the R value decreased. This resulted in
a different trend compared to the anionic SDBS surfactant,
where increasing the CTAB concentration led to a transition
from regular octahedra to truncated octahedra, and ultimately
to 14-faceted polyhedra (Fig. 13).'2

The production of ZnSnO; using the sol-gel method
presents significant technical and chemical challenges. This
is primarily due to the fact that the precursors used to intro-
duce Sn*" ions typically contain highly electronegative ions
(such as C17) or additional metallic ions (such as Na*>*), which
reduce the likelihood of effective bonding between Sn*" and
Zn**, Additionally, ZnSnO; exhibits lower thermal stability,
leading to its decomposition into Zn,Sn0O,4, ZnO, and SnO, at
elevated temperatures. Thus, to address these issues, alter-
native low-temperature synthesis techniques such as co-
precipitation and hydrothermal synthesis have been
employed.***

3.4. Vapor-liquid-solid technique

In recent decades, the vapor-liquid-solid (VLS) growth tech-
nique has witnessed substantial advancements.'® Originally
used for whisker growth, it has evolved into a practical method
for producing semiconductor nanowires. These nanowires have
applications in various fields such as nanoscale electronics,
optoelectronics, sensing, and energy conversion.'**'°® However,
based on a previous literature survey, few research endeavours
have been reported on the synthesis of ZnSnO; using the VLS
method.
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Fig. 13 Schematic diagram depicting the relationship between the ratio R and the transformation of the crystal shape.1°2
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Wang et al. employed the widely recognized vapor-liquid-
solid (VLS) mechanism to establish a thermal reaction method
for synthesizing ZnSnO; nanoparticles, as described in ref. 36.
The typical synthesis procedure utilized in their study is as
follows. Initially, a Zn-Sn buffer layer was deposited as a seed
layer on Si and alumina substrates. Subsequently, separate
starting materials consisting of Zn and Sn powders were set in
an alumina boat. Moreover, to enhance the carbon-thermal
reaction while sintering, a blend of source materials contain-
ing 50 wt% graphite powder was placed in the central region of
a quartz reactor with a stable temperature of 1173 K and left to
react at a pressure of 10-20 torr for a duration of 3 h.
Throughout the reaction, the flow rate of argon and oxygen
gases was maintained at 200 sccm and 10-20 scem, respectively.
Subsequently, the resulting product comprised of single
microbelt nanogenerators was constructed using enlarged
ZnSnOj; belts measuring 300-1000 um in length. Furthermore,
the power output and piezoelectric properties of these
microbelts were assessed.>®
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Wang et al. also synthesized lead-free ZnSnO; triangular-
belts using a high-temperature carbon-thermal approach. In
this method, the starting materials consisted of Zn and Sn
together with graphite powder. These materials were set in the
middle point of the reactor to facilitate the process. The system
was left to react at a stable temperature of 900 °C and a pressure
of 10-20 torr for a duration of 3 h. The flow rate of Ar and O, gas
during the reaction process was set at 200 and 10-20 sccm,
respectively.’”

Although the vapor-liquid-solid (VLS) technique is a potent
method for the synthesis of nanowires, it is associated with
certain challenges. For example, it requires specialized, costly
equipment for handling the potentially hazardous precursor
gases, and achieving uniformity in nanowire properties can be
difficult. Furthermore, the incorporation of contaminants
during growth process and the energy-intensive high-
temperature conditions are additional concerns,'**"* together
with its limited scalability and precursor availability. Never-
theless, VLS is valuable due to its precise control of the
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Fig. 14 SEM images of ZnSnOs obtained at different reaction temperatures: (a) 60 °C, (b) 80 °C, and (c) 100 °C. (d) XRD patterns of ZnSn(OH)g
precursor. (e) Schematic illustration of the possible formation mechanism of ZnSnOz hollow spheres.”
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nanowire properties, and thus ongoing research seeks to
address the above-mentioned challenges for its broader
utilization.

3.5. Coprecipitation technique

The coprecipitation method offers several advantages for the
synthesis of ZnSnO;. Firstly, it is a relatively simple and c